It has been shown that particles of Vi bacteriophage III catalyse deacetylation of O-acetyl pectic (polygalacturonic) acid, a structural analogue of Vi polysaccharide (Vi antigen). Using this substrate, and determining the acetic acid liberated by gas-liquid chromatography, a method for the estimation of Vi phage deacetylase activity has been developed.
INTRODUCTION
The Vi envelope polysaccharide (Vi antigen) produced by some Salmonella (notably S. typhi), Citrobacter and Escherichia coli species is an a(I ~4)-linked, highly acetylated poly 2-amino-2-deoxy-D-galacturonic acid (Heyns & Kiessling, 1967) . With the particles of the Vi bacteriophages I (H. Beilharz & B. Kwiatkowski, unpublished results; Kwiatkowski & Taylor, ~97o) , II (Taylor, I965, t966) , and III (Szczeklik, Kwiatkowski & Taylor, I974) , enzymic activities (' deacetylases') have been found associated, which catalyse the hydrolytic removal of most O-and of some N-acetyl substituents from this polymer. Preliminary observations (Kwiatkowski, I969; Taylor & Kwiatkowski, 1966) further indicated that, within the viruses, the active centres of the deacetylases are part of tail tip structures, and * Present address: Department of Biophysics, Institute of Medical Biology, Gd~insk, Poland. that these enzymes may enable the phages to browse through the outer host envelope along the substrate molecules, until they meet the cell wall underneath, where ejection of the viral genome occurs.
Amongst the known 'bacteriophage-borne' enzymes affecting different bacterial surface constituents (e.g. Takeda & Uetake, 1973; Thurow, Niemann & Stirm, 1975; Tsugita, 1971) , the Vi deacetylases are especially suited for more detailed biochemical investigations, because their substrate is a simple homopolymer. And, in turn, amongst the Vi bacteriophages known to carry deacetylase activities, phage III is especially suited because it has a comparatively simple morphology (Ackermann, Berthiaume & Kasatiya, I97o) .
Since a method for estimating Vi deacetylase activity is obviously a prerequisite for its biochemical investigation, we first describe such a technique. In pursuit of a morphological and protein chemical localization of the enzymic centre(s) within the Vi phage Ill virion, we have then exposed the phages to a variety of mildly dissociative reagents or conditions. We found several ways of treating the viruses, all of which cause their disassembly into structural parts without loss (actually, with an increase) of deacetylase activity. Finally, we report the isolation of the viral fragment with the highest specific enzymic activity, and its characterization by electron microscopy as well as by SDS PAA gel electrophoresis.
METHODS
The general methods were those described by Adams (1959) . For phage titrations by the agar overlayer technique small concentrations of bacteria (I to 2 drops/plate, of a 4 to 6 agar slant culture suspended in 5 ml broth) had to be used in order to obtain visible plaques.
The electron optical equipment and methods have been detailed previously I97I) ; this also applies for the type of SDS polyacrylamide gel electrophoresis employed (Rieger, Freund-M61bert & Stirm, 1975 Culture media. Merck standard I broth was used as a liquid medium, and for agar plates.
The large scale phage preparations were carried out in a glucose-amino acids-mineral salts medium (P medium) previously described (Stirm & Freund-M/) lbert, I971).
Propagation and purification of Fi phage 111particles. 14 1 of P medium in an Eschweiler (Kiel, GFR) 'Kleinfermenter Kiel' were inoculated with Citrobacter Ci23 and incubated at 37 °C under strong aeration (7 1/min) and with stirring (4oo to 5oo rev/min), keeping the pH at 7"2. When the culture had reached an optical density (OD) of I.I (at 660 nm in a I cm cell) it contained about lO 9 colony-forming organisms/ml and was inoculated with 3 p.f.u./IO cells. I5 to I7 min later, lysis began. Incubation was continued for another 15 min, and the lysate was then centrifuged at 5ooo g for ro min. The supernatant fluid, which generally had a titre of 4 x lO 1° to 7 x lO l° p.f.u./ml, was concentrated to about 4oo ml by negative pressure dialysis. Upon digestion (3 h at 37 °C) with pancreatic DNase I (2/~g/ml), and recentrifuging (I h at 4oooo g), samples (I vol.) of the concentrated lysate were placed on linear CsC1 density gradients (from p = 1"13 to I"63 g/ml, 3 vol.) in a o.I Mtris/HC1 buffer of pH 7"5 containing o'5 ~o NaC1 and o.I °to NH4C1. After centrifuging for 90 min at 8oooo g in a swinging bucket rotor, the phage bands at p = 1-485 g/ml were withdrawn with a syringe and dialyzed against phosphate-buffered physiological saline of pH 7"2 to 7"4 (PBS). Generally, about 75 % of the p.f.u, in the original lysate were recovered in this manner. The viruses were free of electron-optically visible contaminants and sedimented uniformly in the analytical ultracentrifuge (sC20,r~s = 453 x Io-13s, at 3 × Io TM p.f.u./ml). If stored at 4 °C over chloroform, the phage suspensions lost roughly half of their plaque-forming and deacetylase activity within the first 6 weeks; then both parameters remained almost constant for several months.
Determination of deacetylase activity.
Preparation of the substrate, O-acetylated pectic acid (Solms & Deuel, 1951) . I g of pure pectic (polygalacturonic) acid (mol. wt. 2oooo to 25ooo) was dissolved in 4o ml of hot (IOO °C) formamide. After cooling to room temperature, 4 ° ml of dry pyridine were added slowly and with stirring, and then 4o ml of acetic anhydride were added to the gelatinous mixture formed. Stirring at room temperature was continued for 5 h, and the solution was then poured into ice (about 5oo ml). After dialysisagainst distilled water and subsequent lyophilization, the whole procedure was repeated once. The final crude product (H to 1.2 g) was adsorbed to a DEAE Sephadex A25 column (length, 25 cm; area, 3"I5 cm2; flow rate, 25 ml/h), equilibrated with a o'o5 M-tris/HC1 buffer ofpH 7"4. After washing with the same buffer, the acetylated pectic acid was eluted with a o.o to o.8 M linear NaC1 gradient. The peak fractions, as identified by the turbidimetric method of Webster, Sagin & Freeman (I952), were eluted around o'5 to o'7 M-NaC1. They were pooled, dialyzed against distilled water, and lyophilized. The total yield was 6oo rag. The degree of O-acetyl substitution, as determined according to Snyder & Stephens (I959) , was generally found to be I. 3 to I. 4. The material was stored over potassium hydroxide and silicagel at room temperature in vacuo. Determination ofdeacetylase activity. 50 #1 of a suitable test sample dilution, and of a buffer sample as control, were each mixed with Ioo #g O-acetyl pectic acid in 5o #1 o'o67 M-phosphate buffer, pH 7"8, and then incubated at 37 °C for 3o min (some tests were run using samples heat-denatured for 2 min at lOO °C as controls. However, no differences to the buffer controls were observed). The reaction was stopped by freezing in liquid nitrogen. After thawing the samples in an ice bath, 5/d of about o'oo5 % aqueous propionic acid (as internal standard), and 2o/zl o'375 M-aqueous uranyl nitrate (for acidification to pH 2"5, and precipitation of the polyglycan; compare Schweiger, 1964) were added. Upon centrifuging for 5 min at 200o g, I/zl portions of the supernatant fluids were analyzed by gasliquid-chromatography. A Varian aerograph (model I445-I, equipped with a flame ionization detector) was employed, using a glass column (6 ft x ~ in) filled with Porapak QS (Ottenstein & Bartley, r97r) . The carrier gas flow was 30 ml nitrogen/min; for flame ionization detection, 30 ml hydrogen/rain, and 300 ml air/min were used. The column inlet was kept at ~4o °C, the column at 2oo °C, and the detector at 280 °C. The acetic acid liberated was calculated from the ratio of the peak integrals of acetic and propionic acid (retention times 1.8 and 4"0 min, respectively; relative response acetic/propionic acid = 0"80, subtracting the minute amount liberated in the control.
Definition of the deacetylase unit (DA U).
The deacetylase unit (DAU) was defined as that amount of the O-acetyl pectic acid deacetylase enzyme activity which, under the conditions described, and within I rain, liberates I nmol of acetic acid in the digestion mixture. I DAU was found associated with about 2 x lO 9 p.f.u, of complete purified Vi phage III virions. 
Analytical disruptions of Vi phage III virions.
, and re-neutralization, phage suspensions in PBS were incubated at 3o °C for 2 h. After these different treatments, the phage samples were diluted in broth for titration of residual infectivity, and in 0-067 M-phosphate buffer of pH 7"8 for determination of deacetylase activity. For electron-optical visualization, they were dialyzed against M9 buffer, digested with DNase I (5 #g/ml, 2 h at 37 °C), and dialyzed against o.I M-aqueous ammonium acetate of pH 7-Viscosity alterations were determined by performing the reactions in an Ostwald viscosimeter.
Preparative disruption of 1,7 phage llI particles and isolation of viral base plates. Disruption. A suspension of about 6 x io 1~ p.f.u. (2.8 × Io ~ DAU) of purified viruses in 6o ml M9 buffer containing o'o75 M-EDTA was incubated at 37 °C for 6 h, and then dialyzed against M9 buffer without EDTA. Upon digestion (2 h at 37 °C) with DNase I (5 #g/ml), the mixture was concentrated to about I2 ml using an Amicon model 8MC Diaflo ultrafiltration set with P3o membranes.
Zonal sedimentation. I ml portions of the concentrated solution of viral fragments thus obtained were placed on I6 ml linear 5 to 3o % (w/v) sucrose gradients (in M 9 buffer with 0.o2 M-EDTA). Upon centrifuging for 3 h at 82ooo g in a Spinco SW27 swinging bucket rotor, the gradients were pumped through a Uvicord and I.I ml fractions were collected and dialyzed against a o.02 M-phosphate buffer of pH 6"5. They were analysed for deacetylase activity, and, after dialysis of small samples against aqueous ammonium acetate, visualized in the electron microscope. The fractions (No. 3 to 5, see Fig. 4a ) containing the detached base plates were pooled (4o ml).
Ion exchange chromatography. From so ml portions of the solution thus obtained, the material was adsorbed to a DEAE Sephadex A25 column (length, 7 cm; area, o.8 cm2), equilibrated with the pH 6"5 phosphate buffer. Upon washing with the same buffer containing up to 0"3 M-NaC1 (elution mainly of ghosts and ghost fragments), the residual material was desorbed with a linear o'3 to o'7 M-NaC1 gradient. 1.8 ml fractions were collected, dialyzed against PBS, and analyzed for deacetylase activity. The peak fractions (Fig. 4b) were also inspected under the eiectron microscope. The fractions containing the base plates (No. 9 to II in Fig. 4b ) were pooled and dialyzed against PBS. The final yield was 22 ml, containing 23 ooo DAU and I26/zg protein (as determined by the Folin method with bovine serum albumin as a standard). 
Morphology of Vi phage IH
As seen in Fig. 3a (compare Ackermann et aL I97O), Vi phage III consists of an isometric head with about 47 nm side to side diameter, carrying a base plate of 2 to 4 nm thickness; spikes of approx. ~ I nm length and 4 nm diameter are linked to the base plate.
Determination of deacetylase activity
During parallel studies on the substrate specificity of Vi phage deacetylases (H. Beilharz & S. Stirm, unpublished data), it was found that particles of Vi phage III catalyze not only the deacetylation of their natural substrate, Vi polysaccharide (Szczeklik et al. I974 ), but also that of the structural analogue, O-acetyl pectic (polygalacturonic) acid. Since the latter is easily available by acetylation of pectic acid, it was used as a substrate throughout this investigation (by two consecutive acetylations of pectic acid with pyridine/acetic anhydride, a degree of substitution of 1.3 to ~-4 was generally obtained). With the test conditions chosen (excess substrate, 3o min incubation at 37 °C, estimation of the acetic acid liberated by gas-liquid chromatography) there is a linear relationship between the amount of viruses used (up to about 1.6 x io 10 p.f.u.), and of acetic acid liberated.
Analytical disassembly of the viruses
Purified virions were exposed to several reagents and conditions which are known to effect dissociation of other bacterial viruses, or of complex proteins, but which can be expected to cause little or no denaturation of the viral structural components (compare Methods section). In all cases, the plaque-forming, and the deacetylase activity of the phages were determined after exposure, and the viral particles inspected under the electron microscope:
MiM acid
In Fig. I it can be seen that treatment of virions at pH values below about 4"25 to 4"75 caused a rapid loss both of p.f.u, and of DAU, concomitant with an increase of viscosity. Electron optical inspection of the phages after exposure to pH 3"5 showed that all virions had ejected their DNA. In addition many viral plates, some still carrying spikes, some not, were disconnected.
Osmotic shock
Upon osmotic shock, phage suspensions lost more than 99 % of their infectivity, while a distinct increase in deacetylase activity was observed. Under the electron microscope (Fig.  3 b) most of the shocked viruses were again seen to have ejected their DNA and lost the base plates. This time, all disconnected plates appeared to have many, possibly all, spikes still attached.
EDTA
At EDTA concentrations of about IO -~" • or more, a rapid Ioss of plaque forming, and, again, increase of deacetylase activity occurred (Fig. 2) . Under the electron microscope, treatment with o'o75 M-EDTA at 37 °C for 4 h or more was seen to cause extensive ejection of DNA and disconnection of complete base plates (i.e. of base plates with the spikes adhering; compare Fig. 3b) . 
Chaotropic salts
Incubation (30 min at 37 °C) of virus suspensions in the presence of up to 0"75 M-NaSCN or NaC104 did not lead to any drop of infectivity. I M-salt solutions effected a loss of p.f.u by about 2o ~o; in the electron microscope, however, no alterations of the viral morphology could be detected.
Amino acids
After incubation (z h at 3o °C) of phage particles in the presence of o.25 M-L-arginine, o'~5 M-L-histidine, or o'25 M-L-lysine, about 99, 58, or o % respectively, of the infectivity were lost. In the case of arginine, an increase of the deacetylase activity was also determined. Under the electron microscope, the arginine-treated phages were again seen to have lost DNA and intact base plates.
In total, three methods -osmotic shock, treatment with EDTA, or with L-arginine -were thus found which all caused extensive disruption of the viruses into empty heads, DNA, and intact base plates, as well as an increase of the viral deacetylase activity. Attempts to effect a further detachment of the spikes from the disconnected base plates by any of these nondenaturing methods were unsuccessful.
Isolation and characterization of detached viral base plates
Large batches of purified phage particles were disrupted by EDTA treatment, and the viral fragment with the highest specific deacetylase activity isolated by successive zonal sedimentation and ion exchange chromatography (Fig. 4 and Table I ).
The preparations of pure base plates obtained in this manner were visualized by electron microscopy and subjected to SDS polyacrylamide gel electrophoresis. The results which also indicated homogeneity of the preparations, are shown in Fig. 5 and in Fig. 6 and Table 2 The base plates have the shape of six-pointed stars (of approx. 9"5 nm inner, and I4. 5 outer diam.) with a central hole or plug (about 3 nm diam.), and they carry one spike at each of the six points (Fig. 5) .
Only six different sizes of polypeptides were detected in complete virions by SDS polyacrylamide gel electrophoresis, and of these, only P.2 (9Iooo daltons) and P.3 (71oo0 daltons) were found in the base plates with spikes ( Fig. 6 and Table 2 ). 
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DISCUSSION
Although all the results on phage disruption can be reconciled with the general notion that ionic bonds are broken, it remains obscure whether these are, for instance, link basic and acidic groups, e.g. guanidyl and carboxyl residues as indicated by the effect of arginine (compare Kozloff et al. I969) , or whether they are part of metal ion bridges, as indicated by the result of EDTA treatment (compare M6ndez et al. 1971) . Certainly, however, bonds of another type link the spikes to the base plate proper: amongst the disruption procedures tested, only mild acid, which, however, also caused a pronounced loss of deacetylase activity, was found to have effect upon them.
Osmotic shock, EDTA and arginine all cause an increase in the deacetylase activity of Vi phage III particles. Although the molecular basis for this phenomenon is not understood (a conformational alteration and an increased substrate accessibility are amongst the possible explanations), and although it bars an exact determination of potential deacetylase losses during disruption, it also seems to exclude a serious degree of denaturation of the enzymic centre during these procedures.
After disruption of Vi phage III with EDTA, isolation of the viral fragment with the highest specific deacetylase activity (DAU/mg protein, see Table I ) yielded base plates with spikes. This finding seems to justify the conclusion that the active centre(s) of the enzyme is (are) part of this viral structural component, and of both or one of its constituent polypeptides P.2 and P.3-Although it may be anticipated (compare Rieger et al. 1975; Rudolph et al. 1975 ) that the deacetylase activity is, within the complete base plate, associated with the spikes, further non-denaturing disruption of these structures is necessary to establish this point, as well as a possible association of the enzymic activity with either P.2, or P.3 alone.
The detection of only six different sizes of polypeptides in whole Vi phage III particles is unexpected. More bands are generally resolved using SDS-PAA gel electrophoresis upon phages of similar morphology and size -e.g. nine in Escherichia coli phages 29 (Rieger et aL 1975) and T7 (Studier & Maizel, 1969) . Possibly, several different polypeptides of the same sizes occur in Vi phage III.
We thank Hannelore Thoma and Hella Sttibig for skilful technical assistance, and Ingrid Strohm for the photographic work. We are also indebted to S. Schlecht for large volumes of phage lysates. This project was supported by Alexander von Humboldt-Stiftung. Fig. 3 and 5) . The samples were disintegrated by heating for 2 to 5 min to IOO °C in a buffer containing 2 % (w/v) SDS and o.8 % dithiothreitol, and the electrophoretic molecular sieving was carried out in SDS-containing gels (total acrylamide concentration: 5"8 %, cross linked with 3"6 % N,N'-methylene bisacrylamide). For further experimental details see Rieger et al. (1975) -(a) Densitometric scans of the Coomassie blue-stained gels showing polypeptide patterns of whole Vi phage III virions (about 20 #g protein, 6 × Io 1° p.f.u.), and of isolated base plates (4/zg protein). (b) Mol. wt. calibration curve. The relative mobilities of the tool. wt. markers (O): IgG, unreduced (I5OOOO); fl-galactosidase 03000o); phosphorylase a (9400o); catalase (59ooo); ovalbumin (43 ooo); aldolase (40 ooo); chymotrypsinogen A (257oo); haemoglobin (I 5 5oo) (Weber & Osborn, I969; Weber, Pringle & Osborn, I972) , were plotted against the logarithm of mol. wt. ; the mol. wt. of the phage polypzptides were arrived at by interpolation. of Vi phage III; ghost fractions were found to contain P.5 only.
Disruption of I,'7 phage III
